We review current synthesis techniques for generating and improving birefringent filters. The relationship between wave-plate orientation and the resulting spectral output is shown to be that of a simple Fourier transform. By using this relationship and starting from the fan Solc configuration, we easily generated plate orientations providing lower sidelobe levels and improved finesse. We outline a method by which filters can be constructed to provide from 0 to 100% of the desired passband in a continuous fashion. Such a filter can be stacked to allow rapid control of any number of passbands and is shown, as an example in a novel design employing super-twisted nematic liquid crystal elements, to control a maximum of three color bands.
INTRODUCTION
In many applications it would be desirable to have a spatially addressable spectral filter, where at each spatial location the spectral content can be electrically controlled: more specifically, a spatially addressable filter with N stages where each stage can control the amplitude of a spectral component. For example, in display applications it would be ideal to have a three-stage filter where the stages control the red, green, and blue regions of the visible spectra to form a full-color image.
It was shown by Sharp and Birge 1 that a device with a basic structure similar to that of a Solc 2 birefringent filter serves well as a spatially addressable filter. The layout of such a filter consists of three components as shown in Fig. 1 and described in detail in Section 4. Component 1 consists of a birefringent filter of the Lyot, 3 the Solc, or the kind obtained from the Harris et al. 4 synthesis technique. Component 2 consists of an electro-optical element that provides the basis for the switching action, and component 3 is essentially a complement of component 1. Component 1, consisting of passive optical elements, causes the spectral function that one wishes to be controlled by the considered stage to have a polarization state A and spectral components that are to be unaffected to have a polarization state B. Therefore component 2, the electro-optical device, has to be designed so that light incident on it with polarization state A can be electrically controlled to be unaffected or converted to orthogonal state AЈ. Further, this component should not affect light with polarization state B. Finally, component 3, which consists of optical elements that are in a sense the complement of those in the first component, have the effect of converting light of polarization states A and B back to their original polarization states while affecting the orthogonal polarization AЈ so that it suffers no absorptive losses at the analyzer.
The problem that we would like to address in this paper is the generalization and optimization of these three components to allow for a desired spatially addressable spectral filter in a more general and defined sense. We would also like to provide details for use of a matrix addressable active component so that the spatially addressable spectral filter can be in practice achieved. The outline of the paper will therefore be as follows: Section 2, birefringent filters; Section 3, design of the passive components; Section 4, generalization and requirements of the elements of the spatially addressable spectral filter; Section 5, design of the active components; Section 6, conclusion. In Appendix A we outline a method of reducing sidelobe amplitudes by modifying the relative orientations of the retarders making up the filter.
BIREFRINGENT FILTERS
In the simplest sense a birefringent filter can essentially be thought of as a beam interferometer. Consisting of birefringent optical elements between any number of polarizers, the filter acts to induce a phase shift between the various field components. A final analyzing polarizer is used to interfere with these components so as to pass certain components while blocking others. By appropriate orientation of the birefringent elements and the polarizers, a filter can be designed to have passbands as narrow as half an angstrom.
Birefringent filters have been a source of great interest ever since the French astronomer Lyot devised one for monochromatic imaging. 3, 5 His design was succeeded by Solc's novel folded and fan designs, 2 which improved upon the Lyot filter's low light throughput. Solc's designs were studied by Evans, who succeeded in generalizing their transmission characteristics into a compact formula 6 by using the Jones-matrix method. Evans also improved the optical throughput performance of the Lyot filter by designing the Evans split-element filter, 5 which reduced the number of polarizers present in the system. Harris et al. 4 were able to use signal-processing techniques to show that any spectral transmission profile could be real-ized by using a finite number of birefringent optical elements and that the Solc design was actually just a subset of a larger class of filters. 4 Although initially limited to astronomy, birefringent filters have recently broken through into a wide variety of disciplines ranging from spectroscopy to optical switching and information display.
Perhaps the two most famous filter designs are the Lyot and the Solc filters, both of which employ the use of birefringent plates such as quartz, calcite, and stretched polycarbonate retarders. Of the two designs, the Lyot is conceptually the simplest and consists of a number of birefringent wave plates sandwiched between parallel polarizers, the thickness of each successive plate being twice that of the previous one. Each element between crossed polarizers has a transmission profile given by
where ⌫ ϭ ⌬nd2/, ⌬n being the birefringence of the element, d the thickness, and the wavelength. The result of the placement of a number of these plates between polarizers is a successive multiplication of each plate's spectrum. This results in a rapidly filtered output as light passes from element to element, as shown in Fig. 2 . The result of this multiplicative action forces the free spectral range of the filter to be determined by the thinnest plate, and the bandwidth is determined by the thickest plate. The Solc filter, which consists of the fan and folded designs as shown in Fig. 3 , consists of only two polarizing elements between which a number of birefringent plates are oriented. In the fan design, each plate is oriented in an increasing sequence p, 3p, 5p, 7p ,... (2N Ϫ 1)p, and in the folded design, plates are oriented at Ϯp with respect to the incoming polarization, where p ϭ /4N. Whereas the fan design uses parallel polarizers, conversely the folded design has crossed polarizers. The transmission of the Solc fan filter can be calculated by using the Jones-matrix calculus and is given by
where cos ϭ cos p cos ⌬nd .
The spectral outputs of the fan and the folded designs are identical except shifted by half the free spectral Fig. 1 . Single pixel of a spatially driven switchable spectral filter showing the three components and their effect on the polarization state of light passing through them. Input spectra on the left side is white light with known polarization state; output spectra on the right is split into the desired spectra with appropriate states of polarization by components 1-3. range. The output of a fan or a folded Solc filter is shown in Fig. 3 , which also illustrates the sidelobes typical of this design. These two symmetrical designs, however, are not the optimal configurations, as was shown by Harris. By using the synthesis technique 4 or reorienting the crystal angles as shown later, the sidelobes found in the spectral outputs of the two Solc designs can be reduced and to some extent eliminated altogether.
DESIGN OF THE PASSIVE COMPONENTS
In this section we describe some of the more popular techniques by which retarder orientations providing desired spectra can be obtained, and we outline a method for decreasing the sidelobes commonly associated with Solc birefringent filters. Filters designed in this fashion are the basis for component 1 of our spatially switchable spectral filter.
A. Impulse-Response Synthesis Technique
In the 1964 paper on optical network synthesis with use of lossless birefringent media, Harris et al. 4 showed for the first time, using impulse-response theory, that the Solc designs are just a subset of a number of possible designs with the same transmission characteristics. Given a unitary impulse input to a filter, the response of a single birefringent uniaxial crystal consists of two impulses separated in time. The impulses arise from the excitation of the two components by the fast and slow axis of the crystal. If the crystal is oriented with its slow axis at /4 to the incoming polarization vector, the output impulses have equal amplitude cos(/4), sin(/4). For all other angles the amplitudes follow a cos(), sin() relationship, where is defined as the angle between the incoming polarization vector and the slow axis of the crystal. If, instead of a single crystal, N crystals of equal thickness are used, then N ϩ 1 impulses are obtained, since the impulse traveling along the fast axis of the N Ϫ 1 and the slow axis of the Nth crystal is output at the same time as the impulse that travels along the slow axis of the N Ϫ 1 and the fast axis of the Nth crystal. Harris et al. 4 were able to show that the Fourier-series coefficients of the transmission function are actually the impulseresponse amplitudes obtained from the N crystals. Therefore, given a desired transmission function, the required impulse responses and crystal orientations could be obtained with the synthesis technique. To obtain transmission functions with higher Fourier components (narrow passband) requires a larger number of impulses and as a result a larger number of wave plates. Using this synthesis technique, one generally obtains a set ϳ2 N/2 of different orientations for the N crystals and the analyzer. 7 Some of these orientations have the same crystal angles in succession and can be replaced by a single crystal of a length that is a sum of the ones it replaces, as will be shown later for the case of the generalized split-element design. The mathematics required for computing plate orientations does, however, become increasingly complex for transmission functions that require a large number of plates.
B. Split-Element Design
Modification of the Lyot design came about in the form of the split-element design also known as the Evans split element. 5 Designed to provide wide-field characteristics as well as reduction of sidelobe amplitudes, the splitelement filter bears close resemblance to the first of three modifications Lyot made to his initial design 3 to achieve a wider field of view. For the simplest case, which is equivalent to a two-stage Lyot filter, the thicker crystal of the Lyot filter is split in half and placed on either side of the central crystal, also known as the contrast element. The two halves can be placed with their optic axes either parallel or perpendicular to each other, and the central crystal is placed with its optic axes parallel to the first polarizer's transmission axis. In general, this reduces the number of polarizers used from three to two and results in improved throughput while retaining the same spectral characteristics as the equivalent Lyot design.
C. Generalized Split Element
Owing to the presence of polarizers between each two stages of the Lyot filter, the effect of each birefringent element on the spectra is decoupled, which leads to de-creased spectral versatility. To improve this aspect, polarizers between the crystals have to be either removed or made partially transparent. It has been shown that by use of transparent polarizers the spectral response, sidelobes, and bandwidth can be varied at the cost of an increase in the number of elements required. 7 The filter's bandwidth can also be varied by duplicating the longest or second longest element in the chain. By doing so and correctly choosing the length of the contrast element, one can vary either the free spectral range or the bandwidth of the filter. 8 The impulse-response synthesis technique provides a number of possible combinations of wave-plate orientations that produce the same spectral output. Of all the possible combinations, it can be observed that in some cases a number of equal-length crystals appear at the same angle. Since having a large number of crystals in a filter design intended for spectral tunability is a mechanical hindrance, the equal-length, equal-angle crystals can be replaced with a single crystal oriented at the same angle and with thickness that is a summation of the thicknesses of the crystals it replaced. This is the concept behind the generalized split-element design. 7 Similarly to the Evans split-element design, this design places the thicker crystals at the start and end and envelops the rest of the crystals between them. The total number of crystals in the filter can typically be cut in at least half while providing the same finesse as the original filter. The reduction is most appreciated when one is tuning the filter, since the central filters are usually oriented in a fan Solc configuration with a lower finesse. By rotating each outermost thicker crystal to orient parallel to the polarizer and the analyzer, respectively, the finesse can be continuously changed from that of just the fan Solc (provided by the central retarders) to a filter with finer finesse.
D. Crystal Orientations and Sidelobe Activity
Although the synthesis technique is extremely powerful, it becomes extremely challenging mathematically when the number of crystals (Fourier components) increases. In previous work 9 we were interested in obtaining crystal orientations with minimal sidelobe activity for use in switchable-filter designs. For our design requirements, a square or Gaussian profile with sharp passband walls and low sidelobe amplitudes was important. Starting with the Solc design, we employed computer modeling methods to obtain crystal orientations that would minimize sidelobe activity. This methodology, however, becomes computationally expensive when the number of retarders in the system is increased. Since tweaking the crystal angles as a method of reducing sidelobe activity was mentioned by Solc, 2 we decided to investigate the relationship between crystal orientations and the resulting filter output.
Instead of using orientation angles defined with respect to the input polarizer, we use the angular differences between each two successive elements in the filter, defined as
where N is the orientation of the Nth (final) crystal's slow axis with respect to the input polarizer's transmission axis; A and P are the orientation angles of the transmission axis of the analyzer and the polarizer, with P being set as the reference to 0°; and Nϩ1 is the angular difference between the final crystal and the analyzer. Therefore for a typical fan Solc filter whose crystal angles are defined as , 3, 5,..., (2N Ϫ 1) the relative angles 1 , 2 , 3 ,..., Nϩ1 are , 2, 2,..., 2, . Varying the relative angles instead of the absolute angles allows one to analyze the effect of crystal reorientation and its effect on the spectral output a little more clearly.
At this point it is important to define a constraint on the relative angles; more explicitly,
which can be verified by summing the relative angles of any fan or folded Solc filter. The absolute value is necessary if one is working with the folded version whose angles oscillate Ϯ about the polarizer. This constraint is also necessary in order to obtain maximum peak output in the passband; not normalizing all the angles to the above constraint results in the same general shape of the spectra but with reduced amplitude in the passband, since the analyzer angle will not be at optimum position. The spectral output of a fan Solc filter with eight plates is shown in Fig. 4 along with the shape of the relative orientation angles of the plates used. Next we vary the plate orientations so that the plot of relative angle versus plate number takes on the shape of a triangle, sinusoidal, Gaussian, and sinc-squared function (details shown in Appendix A). Figures 5(a) and 5(b) show the resulting spectral outputs. It becomes apparent that the relationship between the relative crystal angle and the spectra is that of a Fourier transform. The original fan Solc has a square pulse shape whose Fourier transform is the sinc function. As a result, we get a spectral output very similar to a sinc function, i.e., a central peak with sidelobes on either side. The triangle pulse has a sinc-squared, the sin has a sin, the Gaussian has a Gaussian, and the sincsquared has a triangle Fourier transform. Note that the fan Solc has the thinnest full width at half-maximum (FWHM) but the greatest sidelobe amplitudes. The sinusoidal followed by the triangle and the Gaussian have larger FWHMs but successively lower sidelobe amplitudes. Although tuning the plates to higher integer fullwave retardations can shrink the FWHM in all cases, the sidelobe amplitude does not decrease. Therefore the Gaussian function is capable of providing smaller FWHMs with the lowest sidelobes; i.e., tuning the orientation angles to follow a Gaussian function with wider or narrower FWHM gives similar behavior in the spectral output. The peak passband can be placed at any wavelength by tuning the crystals to be a full-wave or integermultiple full-wave retarder at that particular wavelength. The finesse, as mentioned above, can be somewhat tuned, as shown in Fig. 6 , by choosing the crystal thickness to be a higher-order multiple wave retarder at the cost of decreased free spectral range.
The fact that the resulting spectrum is a Fourier transform of the relative crystal angle is in retrospect not so surprising, since the orientation of the plates defines the amplitude of the pulses that propagate through the sys- tem and can also be extracted from an analysis of the Harris synthesis technique. As an impulse travels through the crystals, we obtain output pulses after each crystal, and at the end these pulses add up to produce the pulse amplitudes C k for the filter as defined by Harris. The relationship between the C k and the output wave C() is defined as
which has the form of a Fourier series. Each C k is a contribution of pulses making their way through all of the crystals. The C k as a result are strongly dependent on the crystal angles. The contribution of C k to the time the pulses appear is given by
and so the output time of the impulse depends on the angle of the crystal as well, since if the optic axes of all the crystals were placed parallel to the pulse, the output pulses would all emerge at the same time. The Fourier transform of C(t) gives us C(), and since the output intensity I ϳ C() 2 , the crystal angles and spectral output of the filter follow a Fourier transform relationship.
This method of obtaining desired spectral output shapes, however, is mathematically a lot simpler, albeit not as powerful as the full synthesis technique. Most important, the limitation of this technique when compared with the Harris synthesis technique is the inability to generate a configuration capable of generating any desired periodic waveform. If, however, the only requirement is the generation of a waveform with a known Fourier transform function, then this technique is faster and simpler to use. The number of plates used for generating waveforms with this technique is limited only by how well the number of plates can describe the reorientation function; for example, the sinc-squared function requires more plates than the rectangular profile of the fan filter. The sidelobe activity is independent of the number of plates used; and for any given filter orientation, if there exist sidelobes with a small number of plates, then doubling or even tripling the number of plates serves to reduce the FWHM but not the sidelobe activity. By tuning the crystals using the above method, we can obtain spectral outputs that are free of the sidelobes inherent in Solc's initial two designs and that are ideal for use in a switchable filter.
GENERALIZATION AND REQUIREMENTS OF THE ELEMENTS OF THE SPATIALLY ADDRESSABLE SPECTRAL FILTER
Birefringent filters have typically been used to act as wavelength selectors with fixed or variable finesse. 10 Another exciting use of these filters is realized in the form of switchable fixed-finesse filters. Such filters can be used in display systems that require color separation and switching, and a novel design has already been shown to work by Sharp et al., 10 it is the basis for spatially addressable filter designs presented here.
The switchable birefringent filter consists essentially of three parts, as shown in Fig. 1 , and can be considered to be a filter by itself or as a single stage in a larger multispectrum filter. The first part consists of the first polarizer followed by a series of crystals or retarders arranged in an orientation that provides the desired finesse and a passband situated at the correct wavelength. The polarization vector angle at which the peak passband is transmitted is set to /4, unlike /2 in the case of the folded Solc. The reason for doing this will be explained later. This angle can easily be obtained by using a modification of Solc's original formula as given by Eq. (6):
where X is the polarization vector angle at which the peak-passband wavelength is to be placed. The final analyzer, which would be found following the last retarder in a typical Solc filter, is then removed, and instead, a variable retardation device that is mechanical or electro-optical such as a liquid crystal cell is placed to form the second part of the switchable filter. The third and final part consists of a mirror image of the retarders found in the first part except with their optic axes rotated by /2 and capped off with an analyzing polarizer crossed with respect to the polarizer. Figure 7 depicts the completed filter, which again looks very much like the Evans split-element filter. The requirements and workings of the filter can be understood most easily by first removing liquid crystal (LC) cell. In this case the entire filter consists of two sets of retarders with the second set being a mirror image of the first and with orthogonal orientation. Since two orthogonal retarders of any retardation cancel each other's optical effects, the two sets end up with a net zero retardation. If the analyzing polarizer is placed orthogonal to the incoming polarizer, the filter ends up transmitting zero energy and is in the ''full-off '' state. If the electro-optic device is now dropped into the filter between the two sets of retarders, then it must be at zero retardation or optically isotropic for the above condition to be valid. Therefore the zero-retardation state of the LC cell gives us the full-off state for the switchable filter. For the full-on state, the filter output must provide us a spectral output that is similar to the one provided by just the first set of retarders. This is obtained by switching the LC cell to be of net half-wave retardation at the peakpassband-centered wavelength and with optic axes crossed with respect to the incoming polarizers transmission axes. The first set of retarders is set to output the peak passband wavelength at /4 with respect to the incoming polarization by use of Eq. (8) . As a result, the generally linearly polarized peak passband light output from the first set of retarders is placed at /4 to the LC cell's optic axes, with the other wavelengths falling at angles from /4 to 0°(passband edge to out-of-band).
Since the LC cell is a half-wave cell for the passband wavelength, it rotates the polarization vector by /2 for the desired wavelength and less so for the rest of the spectra. The desired wavelength therefore finds itself now entering the second set of retarders at /4 to the optic axes of the first retarder in that set. Since this retarder set is orthogonal to the first set, it rotates the light back by Ϫ/4, so the desired wavelength ends up at the analyzer parallel to the transmission axes and is 100% transmitted. The rest of the spectra however, arrive at the second set of retarders with the polarization vector placed from 0°to /4 with respect to the optic axes. Therefore these wavelengths are not fully undone by the second set of retarders and end up suffering losses at the analyzer. The final output of the complete filter therefore looks identical to the output of the first set of retarders had they been used as a filter by themselves. The benefit of using a LC cell or any electrically tunable birefringence device is that varying the retardation of the cell from zero to a half-wave causes the angular rotation that the polarization vector of the desired wavelength experiences to be between 0°and /2, and therefore the filter output can be electrically switched from zero to maximum transmittance, as shown in Fig. 8 .
The filter works best if the first set of retarders provides a sharp passband with minimal sidelobes. This requirement can be best understood by looking at the state of polarization (SOP) of the output light. For the sake of simplicity we will work with the visible spectrum [400-700 nm] and divide it into three regions: red (600-700 nm), green (500-600 nm), and blue (400-500 nm). For a filter designed with a sharp square-wave profile of width 100 nm centered on the green channel of 550 nm with zero sidelobes in the red and blue channel, we know that the green channel's SOP is orthogonal to that of the red and blue. In the case of the switchable-filter design above, this would translate to the green channel's SOP at /4 and the SOP of the red and blue channels at 0°, as shown in the second circle in Fig. 9 . If placed in our switchable filter, the green-channel's output would be at /4 to the LC cell's optic axes as is required, and the output of the blue and red channels would be at 0°. The LC cell, being in this case a half-wave retarder, would convert the linear polarization state of light in the green channel to be orthogonally oriented. However, light in the blue and red channels would be linearly polarized perpendicular to the slow axis of the LC cell and would have their polarization states unaffected as they excited a single eigenstate 11 in the LC material. On the other side of the cell, the green channel would appear with its SOP at /4 (third circle in Fig. 9 ) to the second set of retarders and would undergo a Ϫ/4 retardation and pass untouched by the analyzer. The blue and red channels with their SOPs unaffected would pass through the second set of retarders unaffected and experience complete absorption at the analyzer. On the other hand, if the red and blue channels had sidelobes that signify a SOP between 0°and /4 then they would end up first being rotated by the LC cell and then being affected by the second set of retarders, and eventually they would not be completely absorbed at the analyzer. Thus starting off with a profile with sharp cutoffs and minimal sidelobes guarantees that the filter output will contain only the desired channel. An added benefit to this design is the fact that several of these filters can act as individual stages and be placed one after the other (the analyzer is removed and placed after the last stage), with each one tuned at a different channel, as shown in Fig. 10 . This procedure forms a filter that is capable of switching more than one channel at the same time. Taking the previous example, three filters and stages each tuned for the red, green, and blue channels can be placed one after the other and act as a switchable filter capable of producing red, green, blue, or any combination of them at any desired intensity. The fact that each stage affects only one channel at a time is the reason these stages can be stacked one after another. The green stage (with analyzer removed), for example, rotates only the green channel's SOP, while the blue and red channels emerge with their SOP unaffected and orthogonal. Then the next stage (with first polarizer removed) has the red and the blue channels to work on, while the green channel passes through with its SOP relatively unaffected. Once again the sidelobe levels and spectral cutoffs of the filters constituting the three stages decide how much the other channel's SOP will be affected. Such a switchable filter was designed and modeled for optimal performance 9 and is shown in Fig. 10 . In summary, the design requirements for a switchable filter are as follows:
1. A birefringent-filter design consisting of any number of retarders capable of providing a filtered output with minimal sidelobes and sharp cutoffs at the passband. The SOP of passband wavelengths must be /4 compared with rest of the spectra.
2. An electro-optical variable birefringence element such as a LC cell tuned to provide zero to half-wave retardation for the wavelength centered at the passband.
3. An identical copy of the filter from requirement 1 except placed as a mirror image and rotated by /2 with respect to its counterpart.
DESIGN OF THE ACTIVE COMPONENTS
The LC mode that best suits the requirements for the switchable-filter design is the electrically controlled birefringence (ECB) cell. This cell consists of oppositely rubbed substrates and so has zero twist, thereby acting as a pure retardation device. By varying the voltage applied to the cell, one can vary the retardation of the cell. Additionally, light with polarization vector traveling parallel or perpendicular to the rub direction proceeds along the slow or fast axis of the cell and as a result does not experience any retardation effects, leaving the SOP untouched. These two entrance angles are also known as the eigenstates of the LC. Apart from the ECB mode, the other popular modes are the 90°twisted nematic (TN) and the super twisted nematic (STN) mode, which typically takes on a twist ranging from 90°to 270°. The TN cell also has two eigenstates parallel and perpendicular to its front substrate's rubbing direction (provided that the cell is within the Maugin limit). 12 In this case, any polarization of light with its polarization vector parallel or perpendicular to the eigenstates will emerge from the cell with its polarization state untouched. The benefit of knowing the eigenstates of the cell that is placed between the two parts of the filter is knowing that the channels that we want to pass through unaffected have to lie perpendicular or parallel to them. This allows one to design the filter easily without use of computer modeling, since the passband channel has to be oriented at the angle that causes it to undergo a half-wave retardation and the other channels have to have been oriented parallel and perpendicular to the eigenstates.
The STN cell found in many passive matrix displays is attractive to work with since the mode can be driven multiplexed without the use of expensive transistor gates at every pixel, as in the case with the ECB mode. The downside, though, is that it does not fullfill our second requirement of being able to provide zero-to-half-wave retardation since the cell is driven at two voltages (select and nonselect), neither of which provides zero retardation. The use of the double-layer STN (DSTN) cell was introduced to improve a number of shortcomings of the STN design and ends up providing a state of zero retardation for the nonselect state. 12 The DSTN cell as shown in Fig. 11 consists of a standard STN cell onto which another cell (compensator) of the same LC material but with opposite twist is attached orthogonally. This cell is always kept at the nonselect voltage so that when the STN cell is at the same voltage, the two optically neutralize each other's effects out and provide a zero-retardation state. At all other voltages the combination results in a net retardation that varies with applied voltage. As a result, the DSTN cell fits perfectly into our second requirement.
However, owing to the cell/compensator combination, the eigenstates of the DSTN cell are nonobvious. There fore the cell angle that would place the nonpassband Fig. 10 . Spatially driven three-color switchable filter consisting of three individual stages each of which controls the amplitude of a single color. Combining the stages can individually switch the red, green, and blue channels. R1 through R9 signify the retardations of the individual elements; A1 through A9 signify the angles of the slow axis. channels parallel or perpendicular to the eigenstates is unknown. To solve this problem one can find the eigenstates of the DSTN cell by using either the Stokes parameters and Mueller matrices 11 or by using computer modeling based on the Jones-matrix method. 13 Such modeling was previously undertaken to find appropriate retarder and DSTN cell combinations. 14 This involved fixing the total number of retarders in the system and allowing the software to vary their retardations over known limits and orientations so as to cover the entire parameter space with a reasonably fine grid. The DSTN cell was also allowed to vary in terms of the LC retardation and orientation, the total twist being fixed at /2. The result of the simulation is a number of possible combinations of retarder/DSTN retardations and angles that provide results very similar to our desired filter output. In our case choosing the best configuration from this set involved choosing a combination with the best CIE color coordinates and wide-field characteristics.
To show that the results of the computer modeling do provide the eigenstates of the DSTN cell, we chose one of the configurations providing a switchable green channel and calculated the Stokes parameters for light just before entering and just after exiting the DSTN cell, they are shown in Fig. 12 . In order for the switchable filter using a DSTN retarder to function, we would expect that the green channel would end up with its SOP orthogonal and the blue and red channels to be identical after passing through the DSTN retarder. This would signify that the blue and red channels had indeed excited the eigenmodes of the DSTN retarder while the green channel had been rotated by the desired half-wave retardation. Looking at Fig. 12 , we can indeed see that the green channel exits orthogonal and the blue and red points lie almost on top of each other. The reason for the small offset is that we used only two retarders to form part one of our filter. As a result, we have slight sidelobe activity in the red and blue channels that lends itself to a slight offset in the Stokes parameters. The computer modeling, however, showed that it was indeed possible for a multiplexable device such as the DSTN retarder to be used in the switchable-filter design, thereby providing a route for low-cost switchable filters.
CONCLUSION
We reviewed some of the popular birefringent-filter designs and synthesis techniques. It was shown that by changing the orientation of the retarders making up the Solc filters, the sidelobe activity commonly found in the Solc filter designs can be decreased substantially. The relationship between the spectrally filtered output and the relative angular differences of the retarders in the filter was shown to be that of a Fourier transform. Therefore filters with desired spectral output shapes such as square, triangle, or Gaussian can be easily constructed by using their respective Fourier transforms to modify the plate angles of a fan Solc filter. The use of birefringent filters obtained from such techniques was shown in a spatially addressable multispectrum filter design capable of providing a variably switched spectral output. In addition, the design rules for creating such a filter based on an ECB or a multiplexable DSTN device were given. By using an ECB cell and retarders whose relative angles are defined by the Gaussian function, or by using computer modeling in the case of the DSTN retarder, we can obtain filters capable of spatially switching multiple spectra. Stokes parameters S1 and S2 for the red, green, and blue bands for a two-plate-based switchable filter just before entering and just after exiting the DSTN retarder. The green band ends up orthogonal to the entrance, whereas the R and B bands end up at about the same point. The discrepancy is due to the sidelobes found in those channels since only two plates are used for filtering. Open and solid symbols signify coordinates that reside, respectively, in the upper and lower hemispheres of the Poincaré sphere. Squares denote entrance and circles denote exit polarization states.
APPENDIX A
In this Appendix we illustrate the method by which retarder orientations in the Solc fan filter can be modified so as to reduce sidelobe activity, and we also highlight the relationship between the function that describes the relative angles and the resulting spectral output function. In all examples shown below except for the case of the fan Solc filter, we first define the function that describes the relative angles of the crystals that is then used to obtain the angles' nonnormalized values. Using Eq. (5), we calculate a normalization factor F and multiply it by each of the angles from the previous step. Using these normalized relative angles, we then obtain the actual crystal angles as defined by Eq. (A3). Next we use the Jonesmatrix method to calculate the spectral transmittance of each of the modifications; the results are shown in Fig.  5(a) . In all examples, eight crystals tuned to be full-wave retarders for light of 550 nm are used.
Solc Fan Filter
The Solc fan filter, shown in Fig. 3 , has N identical crystals with rotation angles of , 3, 5 ,..., (2N Ϫ 1) located between parallel polarizers. The relative angles, that is, the angular differences between each two successive elements in the filter, are given by Eqs. (4); thus for the generic Solc fan filter the relative angles are
Plotting these angles for N plates, we get a square pulse function as shown in Fig. 4 . The spectral output for this filter is shown in Fig. 5 (a) as a benchmark with which to compare the modified filters.
Sinusoidal Function
Next we apply a sinusoidal function to the relative angles. The sinusoid is shown in Fig. 13 and is a sin(x/10) function for x ϭ 1 → 9. Using this function, we derive the relative angles as follows. We would like to use eight crystals, which means we must have nine differences or intervals. Figure 13 shows the nine intervals with the fifth interval at the point where the sinusoidal function has a peak value of 1. The second step involves obtaining the values for the eight 's and normalizing them by using To obtain the normalization constant F we use Eq. (A2):
І F ϭ
. (A2)
This factor is then multiplied to each of the nine nonnormalized relative angles to obtain the normalized relative angles. To obtain the crystal angles from the normalized relative angles is relatively simple:
where in our case N ϭ 8 is the last crystal, A is the orientation of the analyzer transmission axis with respect to the polarizer transmission axis, and A should be equal to /2. This also acts as a sanity check to make sure that the normalization was done correctly. Using Eqs. Figure 5(a) shows the spectral output of this modified Solc fan filter resulting from use of the Jones matrix; this output can be compared with that of the original fan filter. Fig. 13 . Relative angle plot of the eight-plate sinusoidal, Gaussian, and sinc-squared modified Solc fan filter. Points 0 and 10 are not used, as they are parallel to the polarizer and analyzer.
Triangular Function
Next a triangular function such as the one shown in Fig. 14 is used to modify the crystal orientations. The triangle function has sides with slope Ϯ1 and a peak of 5. With this, the prenormalized values for the relative angles can be easily read off; they are simply 1, 2, 3, 4, 5, 4, 3, 2, 1.
Summing these values and using Eqs. (A4) to obtain the normalization factor F, we get The spectral output of this filter is shown in Fig. 5(a) .
Gaussian Function
A Gaussian function exp(Ϫx 2 ) truncated at one thousandth of its peak value is used as shown in Fig. 13 . Using a value smaller than one thousandth of its peak value means that the first crystal has to be at less than 0. 
Using F to calculate normalized values for the relative angles, we can calculate the crystal angles by using Eqs. The spectral output for this filter modification is shown in Fig. 5(a) .
Sinc-Squared Function
The sinc-squared function is defined as
and is shown in Fig. 13 . Using this function we can obtain our nine relative crystal angles directly from it: The spectral output for this filter modification is shown in Fig. 5(b) . The sinc-squared function's Fourier transform is a triangle; it can be seen in the spectral output to be a triangle similar to the one obtained by Harris et al. 4 in their synthesis technique. Figure 5(a) shows the spectra for the fan Solc and the three modifications: triangle, sinusoidal, and Gaussian.
